A liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) method was developed to determine the residues of dimetridazole (DMZ), metronidazole (MNZ) and ronidazole (RNZ) in salmon and honey. These compounds were extracted with ethyl acetate from samples and cleaned up using a silica solid phase extraction (SPE) cartridge. These compounds were determined by reversed-phase LC using a C18 column with distilled waterῌmethanol as the mobile phase, and MS detection in the positive mode by applying selected reaction monitoring (SRM). DMZ-d 3 , MNZ-13 C 2 , 15 N 2 and RNZ-d 3 were used as internal standards. The method was validated in salmon and honey spiked with these compounds at 0.4ῌ2 ῌg/kg, and average recoveries were in the range of 91.2ῌ107.0ῌ. Repeatability was 1.7ῌ17.1ῌ and intermediate precision was less than 20ῌ. The detection limits of DMZ, MNZ and RNZ in salmon and honey were 0.05ῌ0.2 ῌg/kg. The method was applied to 3 salmon and 20 honey samples. The concentrations of these compounds in all samples were lower than the detection limits established by the Ministry of Health, Labour and Welfare in Japan.
Introduction
Dimetridazole (DMZ), metronidazole (MNZ) and ronidazole (RNZ) are 5-nitroimidazole-based drugs and exhibit antibacterial and anticoccidial properties (Fig. 1) . These compounds are widely used for the therapeutic treatment of poultry, cattle, swine and farmed fish; in particular, MNZ has beneficial e#ects in treatment of parasitic infections in farmed fish.
Unfortunately, these compounds have been suspected of being human carcinogens and mutagens 1)ῌ3) . The Ministry of Health, Labour and Welfare in Japan set "not detected" as the standard for DMZ, MNZ and RNZ in foods, and the detection limits of DMZ, MNZ and RNZ are 0.2, 0.1 and 0.2 ῌg/kg, respectively.
Meanwhile, fish and shellfish are a primary source of protein for the Japanese people῍ 1 . In particular, salmon is one of the most widely consumed fish in Japan, and more than half of all salmon are farmed῍ 2, ῍ 3 . Therefore, it is important to monitor DMZ, MNZ and RNZ residues in salmon in Japan, and a sensitive and specific method to identify these compounds in salmon is required.
Various techniques have been used for the determination of DMZ, MNZ and RNZ, such as gas chromatography (GC) 4) , gas chromatography-mass spectrometry (GC-MS) 5) , liquid chromatography (LC) 6)ῌ8) , liquid chromatography-mass spectrometry (LC-MS) 9 )ῌ11) and liquid chromatography-tandem mass spectrometry (LC-MS/MS) 12)ῌ19) . Analytical methods for detecting DMZ, MNZ and RNZ residues in trout and tilapia have been proposed using UV detection 6), 7) . Smith et al. 9) have reported success using LC-ion trap MS strategies for detecting MNZ in salmon, trout, catfish and tilapia; however, no other methods have been found for the simultaneous determination of DMZ, MNZ and RNZ in salmon by LC-MS/MS. The o$cial Japanese method does not employ a solid-phase extraction step. Therefore, the LC-MS/MS instrument is easily damaged by the food matrixes and its sensitivity is reduced.
The purpose of the present study was to develop a specific and sensitive method for the simultaneous determination of residues of DMZ, MNZ and RNZ in salmon, based on solid-phase extraction and LC-MS/MS detection. Furthermore, the applicability of the method to the honey was evaluated, because MNZ has been detected in honeys 8) .
Materials and Methods

Samples
Salmons and honeys (acasia, astragali, clover, multiflower and orange) were purchased from supermarkets in Tokyo.
Reagents
(a) Distilled water and methanol: LC grade (Wako Pure Chemical Industries, Osaka, Japan).
(b) Ethyl acetate, n-hexane, sodium hydrogen carbonate (NaHCO 3 ) and anhydrous sodium sulfate: Reagent grade (Wako Pure Chemical Industries, Osaka, Japan).
( Apparatus (a) Homogenizer: Ultra-Turrax T25 (IKA Werke GmbH & Co., KG, Staufen, Germany).
(b) Vortex: Vortex-Genie 2 (Scientific Industries, Inc., Bohemia, NY, USA).
(c) Centrifuge: Multipurpose refrigerated centrifuge LX-130 (Tomy Seiko Co., Tokyo, Japan).
(d) Analytical column: Sunniest C18, 2.0 mm῍150 mm, 3 ῌm (ChromaNik Technologies Inc., Osaka, Japan).
(e) Liquid chromatography system: Prominence UFLC (Shimadzu Corp., Kyoto, Japan).
(f) Mass spectrometer: TSQ Quantum Discovery MAX (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Sample preparation
In the case of salmon, a 5.0 g sample was weighed in a 100 mL glass centrifuge tube and a 50 ῌL aliquot of 0.1 ῌg/mL mixed internal standard solution was added. One g NaHCO 3 and 25 mL ethyl acetate were added to each tube and the sample was homogenized, then centrifuged at 1,900 ῏ for 5 min, and the ethyl acetate layer was transferred to a 100 mL conical flask. Approximately 10 g anhydrous sodium sulfate was added to the extractant, and the mixture was allowed to stand for 15 min, then passed through a qualitative filter. The filtrate was evaporated to dryness using a rotary evaporator with a water bath temperature at 45῏. The residue was dissolved in 10 mL ethyl acetate῍n-hexane (3ῌ7, v/v), and loaded onto a silica SPE cartridge preconditioned with 10 mL ethyl acetate῍n-hexane (3ῌ7, v/v). The cartridge was washed with 10 mL ethyl acetate῍n-hexane (3ῌ7, v/v), and DMZ, MNZ and RNZ were eluted into a 50 mL glass centrifuge tube with 20 mL ethyl acetate. The eluate was evaporated to dryness on a nitrogen evaporator with a block heater at a temperature of 45῏. The residue was reconstituted in 1.0 mL 30ῐ methanol, and passed through a 0.2 ῌm syringe filter into an autosampler vial.
Honey sample was prepared as described above but with the following modifications: Ten mL distilled water was added to the sample after the internal standard fortification (0.1 ῌg/mL), and the sample was mixed vigorously using a vortex mixer until all of it was incorporated into the solution.
LC-MS/MS conditions
The mass spectrometer was operated in the positive polarity SRM mode with an electrospray ionization interface. The operational conditions were as follows: spray voltageῌ3,500 V: vaporizer temperatureῌ200῎; capillary temperatureῌ270῎; sheath gas (nitrogen)ῌ 60 arb; aux gas (nitrogen)ῌ45 arb; collision gas (argon) ῌ1.5 mTorr. MS parameters (tube lens and collision energy) were optimized by flow injection analysis of each compound. Table 1 shows the optimized parameters and SRM transitions used to confirm and quantify DMZ, MNZ and RNZ residues.
A gradient for LC separation was made using distilled water (mobile phase A) and methanol (mobile phase B). The gradient started with 10῏ B and was linearly increased to 50῏ B in 15 min, after which the mobile phase composition was maintained at 50῏ B for 5 min. The flow rate was 200 ῌL/min. Column temperature was held at 40῎. Injections of 5ῌ10 ῌL were made, with a needle/syringe flush and wash using 50῏ methanol.
Results and Discussion
Acetonitrile has been used for extraction of MNZ from fish samples 6), 9) . However, Mottier et al. 15) reported that ethyl acetate was a better extract solvent for 5-nitroimidazole-based drugs from meat and fish samples than acetonitrile, because acetonitrile extracted many matrix components. Therefore, ethyl acetate was selected as the extraction solvent for salmon samples. The e$ciency of ethyl acetate extraction of 5-nitroimidazole-based drugs was increased when the salt was added to the sample 8) , because salting-out occurred and emulsification was decreased during the extraction process. Meanwhile, RNZ contains 1 amino group, and amino groups are undissociated under basic conditions. Generally, undissociated molecules are extracted better by organic solvents than are dissociated ones. Therefore, the e#ects of the addition of disodium hydrogen phosphate (Na 2 HPO 4 ), NaHCO 3 and sodium carbonate (Na 2 CO 3 ) on the extraction recovery of DMZ, MNZ and RNZ was evaluated. The average recoveries of DMZ, MNZ and RNZ with the addition of Na 2 HPO 4 , NaHCO 3 and Na 2 CO 3 were 68.3ῌ70.4῏, 69.2ῌ74.2῏ and 54.3ῌ 63.8῏, respectively. Therefore, NaHCO 3 was selected as the added salt for ethyl acetate extraction. The e#ects of the amount of NaHCO 3 were tested at 1ῌ10 g, and all analytes showed the best recoveries (῍74῏) at 1 g NaHCO 3 . The e#ects of the amount of ethyl acetate were tested at 5ῌ40 mL, and all analytes showed good recovery (῍75῏) at 25ῌ40 mL ethyl acetate. Therefore, 1 g NaHCO 3 and 25 mL ethyl acetate are added to the salmon samples.
Several SPE cartridges were investigated for cleaning up the extract, including silica, C18, and Oasis HLB. The average recoveries of MNZ and RNZ using silica, C18 and Oasis HLB SPE cartridges were 92.5ῌ94.1῏, 84.4ῌ102.2῏ and 93.6ῌ97.7῏, respectively. Meanwhile, DMZ showed good recoveries (῍85῏) with silica SPE cartridges, and poor recoveries with C18 and Oasis HLB SPE cartridges. Therefore, the silica SPE cartridge was selected as the clean-up SPE cartridge.
The wash solvent composition for the silica SPE cartridge was tested; the percentage of ethyl acetate in n-hexane was varied from 0 to 100῏. DMZ was eluted by wash solvent above 40῏ ethyl acetate, and colored pigments in salmon were retained on the SPE cartridge below 20῏ ethyl acetate. When 30῏ ethyl acetate was used as the wash solvent, DMZ, MNZ and RNZ showed retention on the SPE cartridge and colored pigments were removed from the SPE cartridge. The eluant volume of the silica SPE cartridge was evaluated by testing several volumes from 2 to 20 mL. DMZ and MNZ showed good recoveries (῍85῏) with 5 mL ethyl acetate. On the other hand, RNZ showed satisfactory recovery above 10 mL ethyl acetate. Therefore, 20 mL ethyl acetate was used as the eluant of the silica SPE cartridge. Traces of water that remained in the salmon extracts resulted in the inability of the silica SPE cartridge to retain these compounds; therefore, it is crucial to ensure that a su$cient amount of anhydrous sodium sulfate is added to the salmon extracts. In the method developed based on these results, the recoveries not corrected with internal standards of DMZ, MNZ and RNZ from salmon were 70.1, 81.8 and 80.0῏, respectively. All investigations of the sample preparation were performed with spiked salmon for all compounds at 100 ῌg/kg. DMZ, MNZ and RNZ residues respond well when an electrospray interface is used in positive-ion mode.
Protonated molecules [MῌH]
ῌ were obtained for DMZ, MNZ and RNZ. For DMZ, the fragment at m/z 96 represents the elimination of NO 2 from the protonated molecule (Fig. 2) . For MNZ, the loss of CH 2 CHOH leads to m/z 128. For RNZ, the ion at m/z 140 results from the loss of HOCONH 2 .
Di#erent aqueous solvents in the mobile phase were tested, containing distilled water, ammonium acetate, acetic acid and formic acid. When distilled water, ammonium acetate and acetic acid were used, the analytes were eluted in the following order, RNZ, MNZ and DMZ. When formic acid was used as the aqueous solvent, the analytes were eluted in the following order, MNZ, RNZ and DMZ. Distilled water showed the best signal-tonoise ratio (S/N) for DMZ and RNZ, and ammonium acetate showed the best S/N for MNZ. The sensitivity of MNZ with distilled waterῌmethanol was su$cient to detect MNZ at the detection limit applicable in Japan. Therefore, distilled water was selected as the aqueous solvent in the mobile phase.
According to the Japanese method validation guideline῍ 5, ῍ 6 , validation was performed with blank and spiked salmon for all compounds at 0.4, 1 and 2 ῌg/kg. Compounds at each level were extracted from 2 samples on 5 separate days. In an attempt to reduce the influence of co-extracted matrix, DMZ-d 3 , MNZ-13 C 2 , 15 N 2 and RNZ-d 3 were used as internal standards. The blank salmon sample was negative for DMZ, MNZ and RNZ residues (Fig. 3(a) ). A standard curve was used to determine the recovery of each compound. The stand- ard curve included mixed standard levels of 0.5, 1, 5, 10, 50 and 100 ng/mL for DMZ, MNZ and RNZ (5 ng/mL, DMZ-d 3 , MNZ-13 C 2 , 15 N 2 and RNZ-d 3 ). The response was linear in this range, with correlation coe$cients (R 2 ) of ῌ0.999 for all compounds. All recoveries were between 91.4 and 107.0῍, and recoveries of internal standards were between 41.3 and 72.5῍ (Table 2 ). Repeatability ranged from 1.7 to 12.8῍ and intermediate precision ranged from 5.4 to 19.7῍. The recoveries, repeatability and intermediate precision values suggest that good accuracy and precision can be obtained using this method for salmon samples.
In order for a drug residue to be positively confirmed, it must meet certain criteria that have been outlined in general guidelinesῌ 7 . In spiked salmon extracts, the retention time and the ratio between the relative abundance of the selected product ions for each compound fell within the tolerance limits. This indicates that the matrix did not significantly a#ect the fragmentation pattern of the selected ions of the three compounds. LC-MS/MS SRM ion chromatograms for salmon extract spiked with DMZ, MNZ and RNZ at 0.4 ῌg/kg are shown (Fig. 3(b) ). Retention times for DMZ, MNZ and RNZ were 9.8, 7.8 and 7.5 min, respectively.
If we assume that confirmation is required to determine the positive detection of a target analyte, then the detection limits of the analyte are limited by the concentration at which the qualifier ion is present at S/N of 3. Below this point, the analyte must be judged to be below the detection limits. The detection limits of DMZ, MNZ and RNZ in salmon were estimated at S/Nῌ3 on the qualifier ion chromatogram for each compound by fortifying blank salmon at the detection limit level, and these values were 0.2, 0.05 and 0.2 ῌg/kg, respectively.
This method was also applied to honey samples. The acacia honey was used in the validation study. Validation was performed with blank and spiked honey for all compounds at 0.4, 1 and 2 ῌg/kg. Each level in this study was extracted from 2 samples on 5 separate days. The blank honey sample was negative for DMZ, MNZ and RNZ residues (Fig. 4(a) ). All recoveries were between 91.2 and 100.7ῌ, and recoveries of internal standard were between 42.1 and 66.2ῌ (Table 3) . Repeatability ranged from 2.6 to 17.1ῌ and intermediate precision ranged from 6.6 to 19.6ῌ. The recoveries, repeatability and intermediate precision values suggest that good accuracy and precision can be obtained using this method for honey samples. In spiked honey extracts, the retention time and the ratio between the relative abundance of the selected product ions for each compound fell within the tolerance limits. LC-MS/MS SRM ion chromatograms for blank honey and for honey extract spiked with DMZ, MNZ and RNZ at 0.4 ῌg/kg are shown (Fig. 4(b) ). The detection limits of DMZ, MNZ and RNZ in honey were estimated by fortifying blank honey at the detection limit level, and this value was 0.2, 0.05 and 0.2 ῌg/kg, respectively. Future work will concentrate on the validation study with salmon and honey for DMZ, MNZ and RNZ at 0.2, 0.1 and 0.2 ῌg/kg, the detection limits in Japan.
To demonstrate the applicability of the established method for the determination of DMN, MNZ and RNZ residues in salmon and honey samples, we applied the method to 3 salmon samples and 20 honey samples. DMZ and RNZ were not detected in any of the samples. MNZ was confirmed in a multiflower honey sample imported from China (Fig. 5) . The concentration of MNZ in the honey was lower than the detection limit in Japan. The presence of MNZ residues in a honey sample suggests that MNZ had been used for prophylactic or therapeutic treatment of parasitic infection in honeybees. Therefore, it is important to monitor MNZ residues in honey continuously.
